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Abstract. Groundwater in the Eastern Croatia, as well in the South-eastern Hungary, contains relatively 
high concentrations of arsenic that can cause chronic toxicity to humans. Therefore, the aim to find an ef-
fective composite adsorbent that can be applied for arsenic water remediation by introducing it in the 
groundwater treatment is very important. The presented results were obtained using layered double hy-
droxide (LDH) as a sorbing system. MgAl LDH samples with a Mg:Al molar ratio of 2:1 were synthe-
sized. Adsorption of arsenic anions from groundwater samples from Eastern Croatia, as well as adsorption 
of model aquatic arsenic sample solutions, on MgAl layered double hydroxide was investigated. Induc-
tively coupled plasma atomic emission spectrometry (ICP-AES) was used for determination of arsenic 
concentration after adsorption. It was shown that in both cases the adsorption process could be interpreted 
in terms of Kroeker adsorption isotherm regardless to the presence of other ions in the groundwater. Addi-
tionally, the influence of phosphate concentration on adsorption of model arsenic samples was examined 
and it was shown that (at least in examined range of arsenic and phosphate concentration) there is no sig-
nificant influence of phosphate on adsorption of arsenic. (doi: 10.5562/cca2283)  
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INTRODUCTION 
Large populations of world receive potable water with 
elevated levels of arsenic compounds. According to the 
World Health Organization1 mass concentration of arse-
nic in the potable water should be lower than 10 μg dm–3. 
Arsenic concentrations higher than that have been re-
ported in water supplies throughout the world, e.g. 
Bangladesh, Argentina or United States.2–6 Groundwater 
in the eastern part of Croatia (Osijek and Vinkovci re-
gions) also contains relatively high concentrations of 
arsenic due to the presence of arsenic from natural geo-
logical sources7,8 This element is also the number one 
pollutant of geological origin in Hungarian groundwa-
ters.9 Levels of arsenic exceed the above mentioned 
limiting value at 400 Hungarian settlements (with ap-
proximately 1.5 million inhabitants), especially at the 
Pannonian Plain and South Transdanubia, along the 
Croatian border. According to the World Health Organ-
ization, regular consumption of high dosages of arsenic 
may cause hyper- and hypopigmentation, peripheral 
vascular disease or cancer.1 It is thus obvious that safe 
and effective water treatment technologies are needed 
for arsenic removal from groundwater.  
In natural waters inorganic arsenic is usually 
found in the form of arsenite (AsIIIO33–) and/or arsenate 
(AsVO43–) depending on the oxidative or reductive envi-
ronment.10 At the pH of drinking water (normally rang-
ing from 6.5 to 8.5) the dominant arsenite species is 
H3AsO3 (pK = 9.2), whereas arsenate is present as 
H2AsO4– and HAsO42–, pK1 = 2.3 and pK2 = 7.0. Both 
arsenite and arsenate may be subjected to chemical 
and/or microbiologically mediated redox and methyla-
tion reactions in water producing the highly toxic me-
thyl derivatives.11 In such waters the interaction of solu-
ble arsenic compounds with ground hydrous oxide sur-
faces is of paramount importance because the As(III) 
and As(V) compounds are effectively adsorbed by the 
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oxide network. For these reasons conventional ap-
proaches for the arsenic removal include coagulation, 
flocculation and filtration processes with ferric or alu-
minium salts. At pH values of solution that are lower 
than the isoelectric point of the surface oxide (e.g. pH = 
8 for Fe(OH)3) the surfaces are positively charged  
[S–OH2+], whereas at pH > 8 they are negatively 
charged [S–O–]. Accordingly, at the pH of drinking 
water As(III) and As(V) are electrostatically bound to 
the oxide surfaces and thus a significant adsorption is 
expected, with low As concentrations in water. At high-
er pH values, ligand exchange reactions lead to the 
formation of surface [FeO]–Fe–O–AsOn– species. The 
net result is that the colloidal hydrous iron oxides or 
oxyhydroxides are excellent agents for the removal of 
soluble arsenic compounds from water reservoirs. 
In our study as the adsorbing system layered dou-
ble hydroxides (LDHs) are used. The general formula 
for LDHs is ([M1–x2+Mx3+(OH)2]An–)x/n · yH2O, where 
M2+ and M3+ are metal ions and An– stands for anions 
exchangeable between octahedral sheets (Cl–, NO3–, 
CO32–, SO42–). These characteristics result in the unique 
properties of layered solids. Synthetic LDHs are good 
adsorbents and catalyst supports with large interlayer 
surfaces. The layers of LDH can be pillared with large 
organic and inorganic anions, which increases their 
basal spacing and these materials therefore have large 
specific surface areas and porous volumes.12–14 LDHs 
are also excellent anion exchangers, which can therefore 
be utilized, together with negatively charged polymers, 
as a hybrid layer component for the preparation of thin 
nanohybrid films.15–17 They are good catalysts because 
divalent and trivalent metal cations can be incorporated 
into the octahedral lattice. The LDHs synthesized are 
converted, for optimal catalytical activity, to mixed 
metal oxides at temperatures over 400 °C by calcina-
tion.18–20 Nowadays LDHs are also used as supports in 
bionanocomposites for medical applications.21,22 There-
fore we decided to investigate the adsorption of arsenic 
from groundwater samples from Eastern Croatia on 
MgAl layered double hydroxide and to compare it with 
the adsorption of model arsenic samples on the same 
substrate. Additionally, the aim of the study was to 
examine the influence of phosphate concentration on 
adsorption of commercially obtained arsenic samples. 
 
EXPERIMENTAL 
Materials and Methods 
Materials 
Magnesium nitrate hexahydrate (Mg(NO3)2 · 6H2O), 
puriss., Fluka, aluminium nitrate nonahydrate (Al(NO3)3 
· 9H2O), puriss., sodium hydroxide (NaOH), analytical 
grade, and sodium nitrate (NaNO3), puriss., Reanal 
Hungary, were used to prepare MgAl layered double 
hydroxide. 
For adsorption measurements aqueous solution of 
disodium hydrogen arsenate heptahydrate (Na2HAsO4 · 
7H2O), Sigma was used. All solutions were prepared 
using deionised water (κ  3 μS cm–1). Chemicals: 
Na2HPO4 · 2H2O, Na2HAsO4 · 7H2O and NaCl, used in 
these experiments were of analytical purity grade. 
Groundwater samples were obtained from 4 different 
wells around Osijek in Eastern Slavonia, Croatia (de-
noted as B2, B8, B10 and B13). 
 
Preparation and Characterization of MgAl Layered 
Double Hydroxide 
Magnesium nitrate hexahydrate and aluminium nitrate 
nonahydrate were dissolved in boiled distilled water at a 
Mg:Al molar ratio of 2:1 (solution 1); 25 g of sodium 
hydroxide and 20 g of sodium nitrate were also dis-
solved in boiled distilled water (solution 2). Under vig-
orous stirring, solution 1 was added dropwise to solu-
tion 2 in 3 min. The samples were synthesized in nitrate 
form at pH values of 9.1, 9.6, 11.2 and 13.1. The pH of 
the suspension was adjusted using 0.1 M NaOH and  
0.1 M HNO3 and the slurry was stirred at 25 °C for 20 
minutes. After ageing for 5 min, the sediment was cen-
trifuged, washed once with distilled water and centri-
fuged again; the product was then dried at 65 °C. Opti-
mal synthesis of LDH is carried out at 40–60 °C in inert 
gas atmosphere, in a CO2-free solution. Our syntheses 
were carried out at room temperature and in air atmos-
phere without the exclusion of CO2 gas, because our 
aims were (i) efficient arsenate removal and (ii) produc-
tion of a cheap adsorbent for industrial application. Due 
to increasing the pH of the synthesis medium, which 
results in increasing dissolution of atmospheric carbon 
dioxide, the nitrate/carbonate ratios of the LDHs ob-
tained are 2.6, 1.8, 0.8 and 0.1. In the experiments pre-
sented in this study only the sample with NO3–/CO32– 
ratio 0.1 was used. 
To determine the crystalline structure X-ray dif-
fraction (XRD) measurements were carried out on a 
Bruker D8 Advance (Cu Kα radiation, 40 kV, 30 mA) 
diffractometer at the ambient temperature in the 2Θ 
range of 20–80°. 
Specific surface areas were determined by a Mi-
cromeritic gas adsorption analyzes (Gemini type 2375) 
at –196 °C in liquid nitrogen. The adsorption and de-
sorption branches of the isotherms were determined. 
Prior to the measurements samples were preheated at  
50 °C in vacuum (0.01 Torr). The adsorption isotherms 
were analyzed by the means of BET equation and BJH 
method. 
The particle size of the prepared LDH was exam-
ined by a transmission electron microscopy (TEM) 
using a Philips CM-10 transmission electron microscope 
applying 100 kV accelerating voltage. The morphology 
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of the samples was characterized by Atomic Force Mi-
croscope Nanoscope III, Digital Instruments, USA, 
scanner with a piezo (scanning capability of 12.5 μm in 
x and y direction and 3 μm in z direction). A tapping 
type tip made of silicon was used (Veeco Nanoprobe 
Tips RTESP model, 125 μm length, 300 kHz) during 
measurements. 
 
Adsorption of Arsenic on Layered Double Hydroxides 
Batch Adsorption Experiments 
Adsorption of arsenic on LDH was studied at 25 °C. 
Suspensions of LDH were prepared by the following 
procedure: LDH was weighed in the glass tubes which 
were then filled with arsenic solution. The arsenic sam-
ples were prepared by adding appropriate volume of 
stock solution of arsenic and then filled with NaCl 
aqueous solution (c = 0.02 mol dm–3), up to 25 cm3, to 
keep the ionic strength constant. In order to investigate 
the influence of the phosphate, which is present in the 
groundwater samples, on the adsorption of the arsenic 
on LDH, appropriate volume of stock solution of phos-
phate was added. Mass concentration of the LDH in 
these suspensions varied from 0.25 g dm–3 to 1.00 g dm–3, 
arsenic concentration varied from 500 µg dm–3 to 4000 
µg dm–3, while phosphate concentration varied from 50 
µg dm–3 to 2000 µg dm–3. In the case of groundwater 
samples, LDH was weighed in the glass tubes which 
were then filled with arsenic solution groundwater sam-
ples. Concentrations of the arsenic in these samples 
were: 0.069 mg dm–3, 0.120 mg dm–3, 0.180 mg dm–3, 
0.195 mg dm–3 and 0.300 mg dm–3, while mass concen-
tration of MgAl LDH in these suspensions varied from 
0.25 g dm–3 to 1.00 g dm–3. 
Prepared suspensions were constantly shaken for 
30 min. This period was chosen because the preliminary 
experiments showed that the constant (maximum) ad-
sorbed mass was achieved after 30 min. In order to 
determine the adsorbed amount of arsenic, suspensions 
were filtered and the equilibrium concentration of arse-
nic acid was determined by inductively coupled plasma-
atomic emission spectrometry (ICP-AES). The adsorbed 
amount of arsenic was calculated by the equation 
 0 eq
ads
V c c
n
m
  (1) 
where V is the total volume of the aqueous solution in 
the glass tube, c0 and ceq are the initial and equilibrium 
arsenic concentrations, respectively, and m is the mass 
of MgAl LDH adsorbent. 
 
Determination of Arsenic Concentration Instrumentation 
A Teledyne Leeman Labs. (Hudson, NH, USA) Prodigy 
High Dispersion ICP system was used. The instrument 
is equipped with 40 MHz “free-running” radiofrequency 
generator and echelle grating spectrometer with a large-
format programmable array detector (L-PAD). Sample 
introduction system which consisted of a glass cylonic 
spray chamber and a glass concentric nebulizer was 
connected to a three channel peristaltic pump and reac-
tion coil of hydride generator (HG, Leeman Labs. Inc.). 
The dual-view torch for observing both axial and radial 
position was used. The sample solution uptake rate was 
adjusted on 0.9 cm3 min–1. The r.f. power of 1.3 kW, 
and flow rates of argon (coolant 18 dm3 min–1, auxiliary 
0.8 dm3 min–1) were held constant in all measurements. 
Emission lines of arsenic (189.042 nm, 193.759 nm) 
were selected from image on L-PAD detector as the 
most prominent lines without spectral and background 
interferences. Additional argon purging of spectrometer 
optics was switched on before and during signal acquisi-
tion. Integration time was adjusted to 15 s and signal 
acquisition was repeated three times throughout meas-
urements. 
 
Procedures 
High-purity deionised water (18 MΩ cm, Milli-Q Ele-
ment system, Millipore, USA) was used for the prepara-
tion of standard solutions and dilution of samples. Sin-
gle element standard solutions of As 1000 mg dm–3 
(Plasma Pure, Leeman Labs, Hudson, NH, USA) was 
used for the preparation of calibration standard solutions 
and control of plasma line positioning. For the determi-
nation of arsenic by HG-ICP-AES, a fresh solution of 
NaBH4 (γ = 8 g dm–3, w ≈ 0.8 %) in NaOH (w = 0.5 %) 
was prepared. Calibration solutions of As were prepared 
in the range of 0.1–1.0 mg dm–3 by dilution to appropri-
ate volume with hydrochloric acid solution (volume 
fraction, φ = 10 %, Kemika, Croatia). Calibration blank 
contained only aqueous solution of hydrochloric acid. In 
order to verify the accuracy of measurement procedure, 
the certified reference material of river water SLRS-4 
(NRCC) was analysed under the same operating condi-
tions as were applied for the samples.  
The phosphate matrix effects were examined in 
the mode of Method of standard addition (MSA). It 
included aliquots of prepared samples in which a stand-
ard solution of arsenic was added. MSA solutions were 
diluted with hydrochloric acid solution. The final con-
centration range in MSA sample solutions was 0.1–0.5 
mg dm–3 of arsenic. 
 
RESULTS AND DISCUSSION 
MgAl Layered Double Hydroxide 
The prepared MgAl LDH samples were characterized 
by various methods (Figures 1. and 2.). As a consequen-
ce of synthesis in air, at increasing pH values icreas-
ingly higher amounts of carbonate anions are incorpo-
rated into the interlamellar space of LDH. Since the 
carbonate anion has a lower space requirement and is 
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hydrated to a lesser extent than the nitrate anion, the 
basal spacing of LDH decreases with increasing car-
bonate content. For LDHs with NO3–/CO32– ratios of 0.1 
and 0.8, d003 = 0.769 and 0.785 nm are in agreement 
with the data published for LDH in carbonate form 
(JCPDS 20-0658, 41-1425). The LDH particles were 
found to be nearly hexagonal in shape with diameters 
between 40 and 125 nm. The diameter of 68 % of the 
particles is 90–120 nm and no particle is smaller than 
40 nm (Figure 1). The specific surface area of the inves-
tigated MgAl LDH sample with molar ratio NO3–/CO32– 
of 0.1 was 47.4 m2/g. 
 
Adsorption 
In order to analyse the adsorption behaviour of heavy 
metals or organic acids on metal oxides or on other 
substrates various adsorption isotherms could be 
used.23,24 Since in the performed experiments the adsor-
bent concentration was varied, we decided to interpret 
the obtained results by means of the so called Kroeker 
isotherm which takes into account the mass concentra-
tion of the adsorbent.25,26 It was shown in the literature 
that many systems behave according to that empirical 
isotherm, although some cases were observed where 
that was not the case.26 The Kroeker empirical equation 
could be used in various forms and we decided to re-
write it in the dimensionally correct way: 
 s (LDH)0 (As)(As) 1
(LDH) (LDH)
k γγm e
m γ
   (2) 
where ms (As) presents the mass of adsorbed substance, 
m(LDH) states for the mass of adsorbent (here LDH), 
γ0(As) is the initial mass concentration of the adsorbed 
substance, γ(LDH) is the adsorbent mass concentration 
and k is an empirical constant. The Kroeker equation 
could generally be used for investigating the adsorption 
of solutes (e.g. adsorption of color molecules in the 
textile industry) for the purpose of possible technical 
application. Therefore, the above equation, as an empir-
ical formula, could be used to describe the water clean-
ing processes since it is important to know a relevant 
amount of LDH needed for such a process. 
 
Control of Analytical Procedure 
HG-ICP-AES measurements of arsenic lines in dual-
view mode showed that the detection power is greater in 
axially viewed configuration than radial. Detection 
limits (3σ criterion, n = 11, matrix matched solution) of 
Figure 1. TEM image (a) and AFM image (b) of synthetic 2:1
MgAl LDH, with molar ratio NO3–/CO32– of 0.1. 
Figure 2. XRD patterns of the MgAl LDHs with molar ratio 
NO3–/CO32– of 0.1, before and after As adsorption. 
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arsenic lines at 189.042 nm and 193.759 nm in axial 
view gave 0.003 mg dm–3 and 0.002 mg dm–3, respec-
tively. The precision of intensity measurements on cho-
sen analytical emission lines comprises 0.1–1.0 % RSD. 
Good linearity of standard calibration curves on both 
observed lines was obtained (R2 = 0.9999). Intensity 
measurement in MSA mode showed that linear coeffi-
cients comprised the same values (R2 = 0.9996) at both 
observed lines. 
The accuracy of procedure was tested by certified 
reference material of river water (SLRS-4, NRCC) with 
declared arsenic content of 0.68 ± 0.06 µg dm–3. Arsenic 
content in reference sample which was measured after 
hydride generation from hydrochloric acidified solution 
has yield 0.71 ± 0.02 µg dm–3. The obtained result was 
in very good agreement with certified value (Recovery 
104.4 %). 
In the first step of our study we performed the ex-
periments using groundwater samples and later on we 
used model arsenic solutions in order to compare these 
two systems. 
 
Adsorption of Arsenic from Groundwater  
Adsorption of arsenic from groundwater samples on 
MgAl layered double hydroxide was investigated on the 
example of the samples obtained from 4 different wells 
around Osijek (noted as B2, B8, B10 and B13). For that 
purpose we initially determined the mass concentration 
of arsenic in groundwater samples and then performed 
the adsorption experiments using these samples by vary-
ing the substrate (i.e. LDH) mass concentration. The 
arsenic concentrations in the 4 investigated samples 
were γ(B2) = 0.300 mg dm–3, γ(B8) = 0.18 mg dm–3, 
γ(B10) = 0.069 mg dm–3 γ(B13) = 0.195 mg dm–3. 
The results are presented in Figure 3. and it could be 
concluded that all the examined groundwater samples 
behave as expected according to the Kroeker isotherm. 
This means that the value of the term presented on the 
ordinate decreases with the increase in adsorbent con-
centration and it should continue decreasing until the 
zero value is reached. 
 
Adsorption of the Model Arsenic Sample 
In the second step of our study we investigated the so 
called model arsenic solution. By model arsenic solution 
we mean the solution obtained by dissolving commer-
cially obtained arsenic in water. In order to do that the 
experiments were performed using 3 different initial 
concentrations of arsenic expressed in mass of As per 
dm3 and 4 different substrate (i.e. LDH) mass con-
centrations. The results are presented in Figure 4 and  
the typical shape of the Kroeker adsorption isotherm, 
Eq. (2), was obtained again. 
The adsorption data interpreted according to Kroeker 
isotherm could give valuable information about the 
parameters that define the examined system arse-
nic/LDH. As observed in Figure 3. for adsorption of 
arsenic from groundwater and in Figure 4. for adsorp-
tion of arsenic from model solution the adsorbed 
amount of arsenic (precisely the mass of adsorbed arse-
nic per the mass of LDH) at constant initial arsenic 
concentration decreases with the increase in LDH mass 
concentration and that decrease could be extrapolated to 
zero at infinitely large amounts of LDH.  
The experimentally obtained data enabled us to 
further analyze the Kroeker isotherm. The constant k 
from Eq. (2) could be expressed as 
s
0
(As) (LDH)ln 1
( ) (As)
(LDH)
m γ
m LDH γ
k γ
      (3) 
Figure 3. Kroeker isotherm for adsorption of groundwater
samples on MgAl LDHs with molar ratio NO3–/CO32– of 0.1.
The lines are fitted according to Kroeker isotherm (Eq. 2). 
Figure 4. Kroeker adsorption isotherms for adsorption of 
arsenic on MgAl LDHs with molar ratio NO3–/CO32– of 0.1,
from NaCl aqueous solution (c = 0.02 mol dm–3). Initial arsenic 
concentrations: 1 mg dm–3 (), 2 mg dm–3 (▲), 4 mg dm–3 (■).
The lines are fitted according to Kroeker isotherm, Eq. (2). 
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From the Eq. (3) the Kroeker empirical constant k was 
determined 6.0 ± 0.5 dm3 g–1. It seems that the men-
tioned constant k does not depend strongly on the initial 
concentration of adsorbent, but, on the other hand, it 
depends on the specific surface area and on the maxi-
mum adsorbed amount. 
In the next step we tried to interpret the obtained re-
sults by means of Langmuir isotherm. Some authors27,28 
claim that the classical Langmuir equation cannot de-
scribe the adsorbent concentration effect. The reason 
therefore is the fact that the basic assumptions of classical 
Langmuir equation are not easily met under real experi-
mental conditions since the deviation of a real adsorption 
system from an ideal one was not accounted in the deri-
vation process of the classical Langmuir equation. Never-
theless, we tried to interpret our results by classical 
Langmuir isotherm. Since the mutual interactions could 
not be excluded, the obtained fit was rather poor (R2 = 
0.73) and the Langmuir parameters could be just roughly 
estimated to be Γmax ≈ 2 · 10–6 mol m–2 (which corre-
sponds to ≈ 7 mg g–1) and K ≈ 2 · 10–6 m2 dm–3. 
 
The Influence of Phosphate on Arsenic Adsorption 
The main difference between model arsenic solution 
and groundwater samples is the presence of additional 
compounds in groundwater samples. Therefore, we 
added various amounts of phosphate into the pure arse-
nic solution in order to “mimic” the groundwater sam-
ple. In that way we could examine the possible influ-
ence of phosphate, which is present in the investigated 
groundwater samples, on the adsorption of arsenic. The 
investigation was performed in the arsenic concentration 
range between 0.5 mg dm–3 and 4 μg dm–3 and in phos-
phate concentration range between 0.05 mg dm–3 and 2 
mg dm–3. The choice of the phosphate concentration 
was determined by fact that in the investigated 
groundwater the phosphate concentration was found to 
be the range between 0.05 mg dm–3 and 0.1 mg dm–3 so 
therefore we decided to use these and somewhat higher 
values. The experiments were carried out twice and the 
results are shown in Figure 5. as the function of mass 
concentration of added phosphate in order to determine 
the possible effect of phosphate concentration on ad-
sorbed amount of arsenic. 
From the results presented in Figure 5. it could be 
concluded that (at least in examined range of arsenic 
and phosphate concentrations) there is no significant 
influence of phosphate on the adsorption process. It is 
known that the competition between arsenate and phos-
phate ions could be influenced by e.g. pH, reaction time, 
surface coverage and, last but not least, sequence of 
addition of the anions.29,30 Violante and coworkers29 
showed that the final arsenate adsorbed/phosphate ad-
sorbed molar ratio increased by adding arsenate before 
phosphate, but decreased by adding phosphate before 
arsenate. Since in our experiments phosphate was always 
added into arsenate solution it is not surprising the influ-
ence of phosphate on arsenate adsorption is not large. 
 
CONCLUSION 
From the results presented in our study it could be con-
cluded that MgAl LDH is a suitable substrate for arsenic 
adsorption. The experimentally obtained adsorption data 
were interpreted according to the Kroeker isotherm and 
it was shown that that isotherm could be used for arse-
nic/MgAl LDH aqueous interface. The comparison of 
the results obtained using model and groundwater sam-
ples shows that Kroeker isotherm could be used in both 
cases. Moreover, at least as phosphate is concerned, 
there is no significant effect of additional compounds 
presented in groundwater on arsenic adsorption. The 
results obtained in our study could be useful also in 
further studies of arsenic adsorption and even present a 
baseline for possible applications of such systems for 
removal of arsenic from groundwater.  
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